Identification of visible emission from ZnO quantum dots: Excitation-dependence and size-dependence J. Appl. Phys. 111, 083521 (2012) Internal structure of tunable ternary CdSexS1−x quantum dots unraveled by x-ray absorption spectroscopy Appl. Phys. Lett. 100, 163113 (2012) Tuning the properties of Ge-quantum dots superlattices in amorphous silica matrix through deposition conditions J. Appl. Phys. 111, 074316 (2012) Formation of coupled three-dimensional GeSi quantum dot crystals Appl. Phys. Lett. 100, 153113 (2012) Additional information on J. Appl. Phys. Impact of the Ga/In ratio on the N incorporation into (In,Ga)(As,N) quantum dots In this work, we demonstrate the dependence of the nitrogen incorporation on the Ga/In content into (In,Ga)(As,N) quantum dots (QDs) grown on GaAs (100) by radio-frequency plasma assisted molecular beam epitaxy (MBE). Morphological analysis by atomic force microscopy and cross-sectional transmission electron microscopy, together with an estimation of the transition thickness, monitored in situ during the growth, predict a maximum in the N incorporation for 30% Ga content. This result is confirmed by photoluminescence measurements of the as-grown and post-growth annealed samples. We attribute this behavior to a trade off between two mechanisms depending on the Ga/In content: one related to the stability of the Ga-N bond, and the other related to the surface strain and/or In segregation. V C 2012 American Institute of Physics.
I. INTRODUCTION
The last years have seen a renovated interest in the study of dilute nitride compounds, both from the fundamental [1] [2] [3] and from the applied point of view. [4] [5] [6] [7] [8] [9] [10] [11] This renewed interest is motivated for their great potential in the solar cells business, [4] [5] [6] [7] together with their permanent application in optoelectronic devices working at 1.3 and 1.55 lm. [8] [9] [10] [11] In particular, quantum dots (QDs) based on (In,Ga)(As,N) have been the subject of many investigations [12] [13] [14] [15] [16] as they combine the advantages of dilute nitrides (i.e., a strong reduction of the band gap energy upon the incorporation of a few percent N) with those of QDs nanostructures. However, fundamental aspects such as the incorporation of the elements into the alloy or how the specific strain state of the QDs [compared to quantum wells (QWs)] may impact on the miscibility gap are not yet clear. In this work, we analyze the impact of the Ga/In content on the N incorporation in (In,Ga)(As,N) QDs. The morphological and optical properties of the samples are studied by atomic force microscopy (AFM), cross-sectional transmission electron microscopy (TEM), and photoluminescence (PL) measurements. Moreover, reflection high-energy electron diffraction (RHEED) was used as a complementary technique for the structural analysis, allowing the in situ monitoring of the transition thickness (TT) from twodimensional (2D) to three-dimensional (3D) growth in the different samples.
II. EXPERIMENTAL DETAILS
The samples were grown on GaAs (100) by solid-source molecular beam epitaxy (MBE) using a RIBER 32 system. The active N species were supplied by an Oxford Applied Research radio-frequency (RF) plasma source from 0.1 sccm of purified N 2 (6 N) and using a RF power of 100 W. The structure of the samples consisted of a 0.5 lm-thick GaAs buffer layer, a layer of (In,Ga)(As,N) QDs covered with a 200 nm-thick GaAs layer, and finally a surface layer of (In,Ga)(As,N) QDs grown under the same conditions as the capped QDs. This latter QD layer was used for AFM studies. The growth rates were 0.9 monolayers (ML)/s for GaAs and 0.2 ML/s for the QDs. The V/III flux ratio (V referring to As 4 ) was approximately 25 for GaAs and 40 for QDs. The growth temperature (Tg) of the buffer layer was 590 C, afterwards, it was lowered to 440 C to grow the QDs. This low Tg was kept for the growth of the first 27 nm of GaAs capping layer in order to reduce QDs decomposition. 17 The rest of the GaAs layer was deposited at the higher Tg ¼ 590 C. Finally, surface QDs were grown at the low Tg ¼ 440 C. Tg was measured by means of a type W (W-Re) thermocouple in contact with the backside of the wafer. The nominal amount of active nitrogen N ($1%) was monitored by an optical emission detector (OED) tuned to the main emission wavelength of the N plasma. The nominal N concentration was derived from the analysis of the PL peak energy of (In,Ga)(As,N) and (In,Ga)As QWs grown under the same conditions than the QDs. N, In, and Ga have a unity sticking coefficient at the Tg of the QDs. [18] [19] [20] A set of four samples was grown under identical conditions except for the Ga concentration which was modified in the range from 0% to 50%, while always keeping the mentioned growth rate of 0.2 ML/s and a V/III flux ratio of 40. Additionally, for each sample containing a different Ga concentration, a similar reference sample without N in the QD was grown. These samples give us additional reference points in order to estimate the nitrogen composition of the (In,Ga)(As,N) QDs. For both (In,Ga)(As,N) and (In,Ga)As, the QD formation was monitored in situ by observing the transition from a streaky (indicative of 2D growth) to a spotty (3D growth) RHEED pattern. The TT from 2D-to-3D growth was measured for each structure. It is noteworthy that due to the increase of the TT exhibited by the (In,Ga)(As,N) material with increasing Ga content, the amount of material deposited to form the QDs had to be adjusted. Hence, for the In(As,N) QDs (Ga concentration of 0%), we used 4 ML, whereas 6 ML were grown for the (In,Ga)(As,N)-based QDs. The amount of material deposited in the reference samples was the same as in the QDs with N (4 ML for InAs QDs and 6 ML for (In,Ga)As QDs) in order to compare them.
Ex situ post-growth rapid thermal annealing (RTA) of the samples with N was carried out at temperatures ranging from 650
C to 850 C (thermocouple temperature) during 30 s. Low temperature (15 K) PL of the as-grown and annealed samples was performed in a continuous-flow He cryostat using a Bruker IFS 120HR Fourier-transform spectrometer. A diode pump solid state laser with an operating wavelength of 643 nm was used for PL excitation. PL spectra were acquired with a cooled InSb detector. The AFM measurements were performed in standard tapping mode with antimony-doped Si tips. The TEM analysis was carried out in a JEOL JEM 3010 microscope operating at 300 kV. Cross-sectional specimens were conventionally prepared including mechanical thinning and Ar-ion-beam sputtering. The specimens were examined along the [011] and [0-11] directions.
III. RESULTS AND DISCUSSION

A. Morphological analysis
For all the samples, we have performed an analysis by AFM of the surface QDs and compared it to cross-sectional TEM investigations of the capped QDs. In order to correlate the results obtained from the structural and optical characterizations of the samples it is necessary to carefully consider the influence of the amount of material deposited in each case. As it has been already mentioned, the reason for the use of the different amounts of material arises from the different TT as a function of the Ga content. As the Ga content increases, the strain in the (In,Ga)(As,N) layer reduces. Table I ). The minus sign indicates compressive biaxial strain since the lattice constant of the unstrained epitaxial layer [(In,Ga)(As,N)] is larger than that of the substrate (GaAs). 21, 22 Due to the decreasing strain with increasing Ga content, the TT and thus the amount of material required to promote the 2D-to-3D transition (QDs formation) increases as well. From the RHEED measurements during growth, we found the following TT values (Table I) Therefore, the nominal amount of ML deposited in each case is below the predicted critical thickness, suggesting that the formation of the QDs should take place following a coherent growth mode. In the case of the samples without N, the theory predicts that 6 ML Ga 0.15 In 0.85 As QDs and 4 ML InAs QDs are enough to initiate the formation of relaxed QDs. 22, 24 We will come back to this point later.
AFM
AFM topography images of the uncapped (In,Ga)(As,N) and (In,Ga)As QDs grown with different Ga contents are shown in Figs. 1 and 2, respectively. The values of the mean height and diameter, size dispersion, and surface density are shown as a function of the Ga content in Tables II and III, respectively. We observe that the mean height and diameter of the In(As,N) QDs (11.1 nm and 46 nm, respectively) is lower than that of the (In,Ga)(As,N) QDs, except for the sample with a Ga content of 50%, in which the QDs are slightly smaller. The mean height and diameter keep approximately constant for the QDs with Ga content of 15% and 30%, while the height and diameter reduces to 10 nm and 43 nm, respectively, for the 50% Ga QDs. Regarding the surface density, QDs with a Ga content of 50% are much more numerous per unit area and show a higher homogeneity. More specifically, the QD densities are 3.4 Â 10 10 QDs Á cm À2 for Ga contents ranging from 0% to 30% and 8 Â 10 10 QDs Á cm À2 for 50% Ga. All these results are consistent with the increasing TT as the Ga content increases: the volume of the QDs increases as the TT is higher. However, QDs with a Ga content of 50% have a smaller volume even though the TT is higher compared to the other samples. This could be explained by the fact that, in this case, the amount of material deposited (6 ML) is closer to the TT (4.85 ML).
From a comparative analysis between the (In,Ga)(As,N) and (In,Ga)As QDs, we observe that the incorporation of nitrogen into (In,Ga)As QDs leads to an increase of the QD dimensions and to a degradation of the size homogeneity. Nevertheless, for the QDs grown without N and with 15% Ga, the presence of a bimodal distribution is evident, which is a clear consequence of an excess of deposited material, giving rise to the coalescence of the smaller QDs and the formation of a second distribution of much larger QDs. 25 For 30% Ga, signs of coalescence are also present, although in a smaller extent.
TEM
A morphological analysis of the capped QDs was performed by cross-sectional TEM on a dedicated sample consisting on 4 layer-stacked (In,Ga)(As,N) QDs, grown under equivalent conditions (those of Sec. II), but with varying Ga content (0%, 30%, and 50%) and an additional layer of InAs QDs as a reference. The GaAs barrier thickness of 70 nm between the stacks is sufficient to prevent vertical coupling between the QDs. The sample structure and a cross-sectional TEM dark-field micrograph taken with g ¼ 200, are shown in Figs. 3(a) and 3(b), respectively. The observed contrast in the dark-field micrograph taken under g 002 diffraction condition is based on chemical composition distribution. However, strain contrast is also visible on the diffuse dark areas above and below the QDs, corresponding to the contribution of the (400) diffracted beam. As observed, the QDs with 50% Ga are smaller than the other.
Figures 4(a)-4(d) display high-resolution TEM micrographs of the single QDs from each stack. Despite the low Tg of the capping layer, QDs dissolution processes were not completely suppressed, as deduced from the lower height of the buried QDs compared to the uncapped surface QDs (AFM data). In particular, we find that, for all investigated compositions, the buried QDs have approximately half of the height than that of uncapped QDs. Nevertheless, the relative dimensions of the QDs deduced from TEM are in good agreement with those from AFM observations on uncapped QDs, i.e., the height difference between uncapped (In,Ga)(As,N) QDs grown with different Ga contents is rather similar to that between buried QDs (e.g., the maximum height difference between (In,Ga)(As,N) QDs grown with different Ga contents is approximately 2.5 nm for buried QDs and 2.15 nm for surface QDs, respectively). Moreover, the smallest buried QDs are those with a nominal Ga content of 50%. On the other hand, whereas the 50% Ga QDs resemble coherent (In,Ga)As QDs, 26 high-resolution TEM reveals Indeed, the particular microstructure of each QD stack reflects in the corresponding optical properties (i.e., photoluminescence yield) as will be discussed in Sec. III B. Finally, according to the theoretical predictions, the samples are nominally grown below their CT and thus, plastic relaxation and dislocation formation should not have occurred yet. An additional mechanism, then, may be responsible for this high defect density. The origin of the observed dislocation density is unclear at present and further work is required to fully understand the process.
B. Optical analysis
In Fig. 5 , we show the low temperature PL spectra of the as-grown (In,Ga)(As,N) QDs samples with different Ga concentrations. If we focus on the behavior of the PL peak intensity as a function of the Ga content, we find a clear enhancement for the QDs grown with a Ga content of 50%. This result is in good agreement with the results extracted from the cross-sectional TEM analysis, which evidence that the QDs with the lowest dislocation density are those with 50% Ga. As observed, all PL spectra reveal a peak corresponding to the QD emission together with a broad band centered at longer wavelengths (at about 1.65 lm) which is attributed to the emission from states below the gap. 27 In the case of the QDs with 30% Ga, the emission from the QDs is very weak and overlaps with the broad band emission.
In principle, we would expect a blueshift in the emission wavelength with increasing Ga content due to the larger bandgap energy. Nevertheless, taking the emission wavelength of the In(As,N) QDs as a reference, a clear redshift in the PL emission of the (In,Ga)(As,N) QDs with Ga contents of 15% and 30% is observed. This behavior cannot be explained in terms of a difference in the QD size, since the maximum height difference between the (In,Ga)(As,N) QDs grown with different Ga contents is only of 2.5 nm (TEM data), which cannot explain a redshift of $200 nm in the PL peak wavelength. A difference in the N content of the QDs grown with different Ga concentration would explain the observed shifts in the emission. More specifically, a higher N incorporation in the QDs with 15% and 30% Ga with respect to the 0% case would explain the exposed data.
Conversely, for the QDs with 50% Ga, the emission wavelength is blueshifted, which can be explained as a consequence of the bandgap increment due to the increased Ga content. Since this qualitative analysis of the PL peak position only allows a rough interpretation of the effect of the Ga content on the N incorporation into the (In,Ga)(As,N) QDs, we have performed a more systematic estimation of the N incorporation by comparing the PL peak position between QDs with and without N. As it is known, the presence of N in the QDs drastically reduces their bandgap energy, just as the strain and, hence, N incorporation would introduce a redshift in the emission wavelength. Although differences in the size of the QDs with and without nitrogen also affect these shifts, the observed size fluctuations are almost negligible (for instance, for QDs with a Ga content of 0%, such difference is 3.6 nm; and for a Ga content of 30%, 3.3 nm). Therefore, the effects that the differences in the QD size (with and without N) could produce are equivalent in all the cases. As a consequence, it is suggested that the redshift which is observed in the (In,Ga)(As,N) samples with different Ga contents is mainly associated with the different N incorporation. Figure 6 shows the relative redshifts (with respect to the N-free QDs) versus the Ga content for each of the samples considered. As observed when the Ga content increases up to 30%, the increase of the redshift is maximum, suggesting an enhanced N incorporation in this case. Similar observations were found in (In,Ga)(As,N) QWs, i.e., a reduction of the N incorporation with an increased In content and are attributed to either the higher Ga-N bonding energy (2.24 eV) compared to the In-N bonding energy (1.93 eV), [28] [29] [30] [31] or to the suppression of the N incorporation due to the In surface segregation. 32 In addition, we find that when the Ga content is higher than 30%, the N-induced redshift decreases (instead of increasing), what would mean a reduced N incorporation into these nanostructures with a Ga content higher than 30%. Thus, as deduced from our experiments, the N incorporation reaches a maximum for Ga contents around 30%.
C. Analysis of the effect of the post-growth RTA treatment on the optical properties
The analysis of the optical properties of the post-growth RTA (In,Ga)(As,N) QDs as a function of the Ga content further corroborates that the N incorporation increases as the Ga content increases up to 30% and then drops for higher Ga concentrations. From previous experiments on (In,Ga)(As,N) QWs, it is known that the blueshift in the PL peak wavelength induced by RTA is larger for those samples with a higher N content. 33 In our PL measurements of the annealed and as-grown samples with different Ga contents, we found that the RTA-induced blueshift is different as a function of the Ga concentration. In particular, we observe that there is an increasing blueshift as the Ga content is increased up to 30% and then a decreasing blueshift for Ga contents beyond 30%. In Fig. 7 , the PL blueshift of the annealed (In,Ga)(As,N) QDs at 850 C (RTA temperature for the maximum blueshift) is depicted as a function of the Ga content. Since the RTA-induced blueshift is expected to be directly related to the N concentration (as in the (In,Ga)(As,N) QWs case), this result supports our previous hypothesis that the N incorporation is maximum for QDs with 30% Ga.
D. Analysis of the transition thickness (RHEED)
It is expected that the greater the N content, the larger the TT of (In,Ga)(As,N) due to the reduction in the lattice mismatch between the layer and the substrate. Thus, from the study of the changes in the TT as a function of the Ga content, it is possible to obtain additional information about the N incorporation. We measure the TT for each material, [(In,Ga)(As,N) and (In,Ga)As QDs], as a function of the Ga content by monitoring the transition from 2D-to-3D in the RHEED pattern during growth. Figure 8 displays the TT as a function of the Ga content for the (In,Ga)As and (In,Ga)(As,N) QDs, respectively. The curve for (In,Ga)As has been obtained using our experimental data together with some additional points extracted from the literature. 34 However, in the case of the (In,Ga)(As,N) QDs, we have only used our experimental data due to the lack of reports in the literature. Figure 9 plots the relative difference in the TT for (In,Ga)As and (In,Ga)(As,N) QDs (extracted from the data in Fig. 8 ) as a function of the Ga content. Assuming that the Ga concentration keeps constant in the samples with and without N, the data points would reflect the different N content. In principle, if we assume that the N incorporation is independent of the Ga content, we would expect a constant function versus the Ga mole fraction. However, there is a clear tendency of an increased N incorporation as the Ga content increases up to 30%, then decreasing beyond this point. Again, these results indicate a maximum N incorporation for a Ga content of 30% (within the reported range from 0 to 50%), in good agreement with the studies presented in the previous sections.
E. Discussion
In order to summarize the results, Fig. 10 combines Figs. 6, 7, and 9. As already discussed, there is a clear dependence of the nitrogen incorporation into the (In,Ga) (As,N) QDs on the Ga/In composition of these nanostructures. Moreover, the N incorporation is enhanced with increasing Ga contents up to 30%, but it decreases with increasing Ga contents above 30%. Therefore, we find that within the range covered by our experiments (0% -50%), the maximum N incorporation occurs at around 30% Ga.
In order to explain this effect, we consider two possible and opposite mechanisms. On one hand, the larger N incorporation into the (In,Ga)(As,N) QDs up to 30% Ga could be explained by the increasing stability of the Ga-N bonds as the Ga/In ratio increases. 28, 29 However, we find that for Ga contents higher than 30%, the N incorporation is reduced. To explain this behaviour, other mechanisms need to be introduced such as surface strain, i.e., strain in the near-surface region. 32 Contradictory observations have been reported in the literature concerning the effect of the Ga/In content on the N incorporation into (In,Ga)(As,N) QWs. [28] [29] [30] 32, 35 In particular, Ref. 32 suggests that In surface segregation during the growth is the primary phenomenon driving the N incorporation, and thus the enhanced N incorporation process is surface kineticoriented. To support their statements, the authors refer to Zhang and Zunger 36 who suggested that a dependence of the N incorporation on the presence of In adatoms at the growth surface could occur through a modification of the surface reconstruction and relief of surface strain. Based on the same arguments and as a first approximation, if we neglect the plastic relaxation in the QDs with Ga contents from 0% to 30%, we propose the following processes to describe our experimental observations on N incorporation into (In,Ga)(As,N) QDs. For Ga contents up to 30%, the increasing stability of the Ga-N bond is dominant and favours the N incorporation. However, above this value, the reducing surface strain or the reduced In surface segregation play an important role, giving rise to a decreased N incorporation. This assumption is based on these two surface effects having a role in the incorporation of N at levels well beyond equilibrium values, as postulated by Zhang and Zunger. 36 The two opposite trends with increasing Ga content, one related to bonding and another to surface processes, give rise to a maximum in N incorporation for about 30% Ga.
From TEM investigations, we know that the QDs with 50% Ga are coherently strained, while the other are plastically relaxed. In the relaxed QDs (for Ga contents from 0 to 30%), surface strain is assumed to be negligible and thus the stability of the Ga-N bond would be the main driving force for N incorporation. On the other side, for Ga contents higher than 30%, the QDs are strained and, thus, we can presume that surface strain becomes the dominant mechanism. Finally, just to mention that in order to make a systematic analysis of the role of strain in N incorporation, an accurate knowledge about the QD shape, elemental composition, and the real strain distribution (not to be confused with misfit) in the QDs is required.
IV. CONCLUSIONS
In conclusion, we have demonstrated that N incorporation into (In,Ga)(As,N) QDs is a complex process strongly dependent on the Ga/In ratio. Morphological and structural studies by AFM and TEM, the analysis of the redshift of the PL emission wavelength, of the RTA-induced blueshift and of the increase of the transition thickness show that the N incorporation is enhanced as the Ga content increases up to 30% and decreases for Ga contents higher than 30%. We propose that the observed trend is the consequence of a trade-off between two opposite mechanisms dependent on the Ga/In content: (i) the stability of the Ga-N bonds and (ii) the surface strain and/or In segregation effects. N incorporation is experimentally affected by the strain and the miscibility gap of the system.
